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(5)  INTRODUCTION 

The  E2A  gene  is  ubiquitously  expressed  and  encodes  two  alternatively  spliced 
products,  E12  and  E47,  which  are  potent  transcription  factors  containing  the  basic  helix- 
loop-helix  (bHLH)  domain  for  DNA  binding  and  dimerization  (Murre  et  al.,  1989).  E12 
and  E47  form  homodimers  or  heterodimers  with  other  tissue-specifically  expressed 
bHLH  transcription  factors  to  bind  to  a  consensus  sequence  called  E  box.  These  bHLH 
proteins  have  been  shown  to  play  crucial  roles  in  the  differentiation  of  a  variety  of  cell 
types  such  as  the  lymphocytes,  muscle  cells,  pancreatic  cells,  and  neuronal  cells  (Zhuang 
et  al.,  1994;  Bain  et  al.,  1994;  Weintraub.  et  al.,  1991;  Naya  et  al.,  1995;  Lee  et  al.,  1995). 
In  addition  to  dimerizing  with  the  bHLH  proteins  and  binding  to  DNA,  E12  and  E47  can 
also  form  heterodimers  with  the  Id  proteins  (Id  1-4),  which  has  the  HLH  domain  for 
dimerization  but  not  the  basic  region  for  DNA  binding.  Therefore,  E12  and  E47  can  be 
sequestered  into  inactive  complexes  and  their  function  as  transcription  factors  can  be 
inhibited.  Indeed,  it  has  been  shown  that  overexpression  of  Id  proteins  blocks  the 
differentiation  of  many  cell  lineages  including  the  B  and  T  lymphoid,  muscle,  neuronal, 
adipose  and  mammary  epithelial  cells  (Sun,  1994;  Kim  et  al.,  1999;  Jen  et  al.,  1992; 
Moldes  et  al.,  1997;  Desprez  et  al.,  1995). 

Apart  from  the  differentiation  function  of  E2A  gene  products,  they  have  also  been 
implicated  to  have  a  role  as  tumor  suppressors.  In  NIH  3T3  fibroblasts,  overexpression 
of  E47  or  incubation  with  Id  antisense  oligonucleotides  arrests  cell  cycle  at  the  G1  to  S 
phase  transition  (Peverali,  et  al.,  1994;  Hara  et  al.,  1994;  Hara  et  al.,  1994).  We  have 
shown  that  E2A  can  activate  transcription  of  the  gene  encoding  cyclin  dependent  kinase 
inhibitor,  p21CIP ,  through  the  E  box  sequences  located  in  the  promoter  region  of  the  p21 
gene  (Prabhu  et  al.,  1997).  In  mice,  disruption  of  the  E2A  gene  (Bain  et  al.,  1996;  Yan  et 
al.,  1997)  or  overexpression  of  the  Id-1  inhibitor  in  the  T  cell  lineage  (Kim  et  al.,  1999) 
results  in  the  development  of  T  cell  lymphoma  at  very  high  frequencies,  thus  suggesting  a 
tumor  suppressor  function  for  the  E2A  proteins.  Evidence  implicating  the  tumor 
suppressor  function  of  E2A  has  also  come  the  studies  of  the  TAL  family  of  oncogenes 
(reviewed  by  Baer,  1993).  The  TAL  proteins,  including  Tall,  Tal2  and  Lyll,  are  all 
bHLH  proteins  that  can  dimerize  with  E2A  proteins  and  bind  to  E  boxes.  Aberrant 
expression  of  the  Tall  gene,  for  example,  has  been  found  in  70%  of  human  acute 
lymphoblastic  leukemia  (T-ALL)  samples.  Although  Tall  can  form  heterodimers  with 
E47  to  bind  to  DNA,  the  heterodimers  potentiate  the  transcription  of  their  target  genes 
very  poorly  as  compared  to  E47  homodimers.  We  have  shown  that  the  poor 
transactivation  by  E47/Tall  heterodimers  is  due  to  the  incompatibility  of  the  activation 
domains  present  in  E47  and  Tall  (Park  and  Sun,  1998).  We  have  then  constructed  a 
chimeric  protein,  E-T/2,  which  contains  the  N-terminus  of  E47  with  the  two  known 
activation  domains  and  the  C-terminus  of  Tall  including  the  bHLH  domain  for  DNA 
binding  and  dimerization.  The  E-T/2  chimeric  protein  can  activate  transcription  as 
heterodimers  with  E47  even  more  potently  than  E47  homodimers.  To  test  the  hypothesis 
that  the  normal  function  of  E47  is  inhibited  in  T-ALL  cells  as  a  result  of  aberrant  Tall 
expression,  we  have  introduced  the  E-T/2  construct  into  the  Jurkat  T-ALL  cell  line,  in 
which  the  majority  of  E47  proteins  are  bound  to  Tall  (Park  et  al.,  1999).  By  competing 
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with  Tall  to  bind  to  endogenous  E47,  E-T/2  was  able  to  restore  the  transcription  activity 
of  E47.  Because  Tall  does  not  form  homodimers,  E-T/2  would  not  form  homodimers  to 
activate  transcription.  The  activity  of  E-T/2  is  therefore  limited  to  a  near  physiological 
level  by  the  availability  of  endogenous  E2A  proteins.  As  a  result  of  the  restoration  of 
E47  activity  in  Jurkat  cells,  the  growth  of  Jurkat  cells  was  dramatically  inhibited,  and 
apoptosis  also  occurred.  These  result  would  suggest  that  the  mechanism  by  which  Tall 
causes  T  cell  leukemia  might  involves  the  inhibition  of  the  tumor  suppressing  function  of 
E2A  proteins  like  E47.  The  principles  and  strategies  of  these  experiments  have  been 
employed  in  our  studies  concerning  breast  cancer. 

Regarding  mammary  epithelial  cells,  overexpression  of  Id-1  has  been  found  to 
block  the  induced  differentiation  of  a  mouse  mammary  epithelial  cell  line,  SCp2,  which 
has  been  exposed  to  basement  membrane  and  lactogenic  hormones  (Desprez  et  al.,  1995). 
Moreover,  these  Idl  expressing  SCp2  cells  showed  invasion  of  the  basement  membrane 
and  resumption  of  cell  proliferation.  Recently,  the  same  researchers  have  shown  that  Id-1 
overexpression  stimulates  the  expression  of  two  novel  polypeptides  with  gelatinase 
activities.  It  was  therefore  proposed  that  Id-1  expression  may  be  related  to  the  metastasis 
of  breast  cancer  (Desprez  et  ah,  1998).  We  have  obtained  preliminary  evidence  that  Id-1 
and  Id-2  appear  to  be  overexpressed  in  a  fraction  of  breast  cancer  samples  by  using  RT- 
PCR  analyses.  Based  on  these  data,  we  have  hypothesized  that  overexpression  of  Id 
proteins  may  lead  to  the  inhibition  of  E2A  function,  which  may  then  interfere  with  the 
normal  process  of  mammary  cell  differentiation  and  tumor  suppression.  To  test  this 
hypothesis,  we  have  generated  transgenic  mice  expressing  Id-1  in  mammary  glands  to 
test  if  Id-1  expression  leads  to  tumor  formation.  We  have  also  examined  Id-1  expression 
in  human  breast  cancer  samples  using  the  in  situ  hybridization  technique.  We  have  then 
investigated  the  function  of  E2A  proteins  in  mammary  epithelial  cells. 

(6)  BODY 

A.  Examination  of  MMTV-Id-1  transgenic  mice 

To  test  the  effect  of  Id  proteins  on  tumorigenesis  and  mammary  gland 
development,  we  have  generated  transgenic  mice  carrying  the  Id-1  gene  under  the  control 
of  the  mouse  mammary  tumor  virus  (MMTV)  long  terminal  repeat  (LTR).  The  Idl 
cDNA  was  cloned  into  a  modified  MMTV  transgenic  vector  obtained  from  Dr.  B. 
Weinstein  (Columbia  University),  which  has  been  shown  to  direct  high  levels  of 
expression  in  mammary  tissues  and  low  levels  of  expression  in  salivary  gland  and  some 
male  reproductive  tissues  (Yao  and  Weinstein,  personal  communication).  We  initially 
obtained  six  independent  transgenic  lines,  of  which  two  lines  did  not  give  any  progenies, 
one  line  showed  no  expression,  and  three  lines  exhibited  some  levels  of  expression  of  the 
transgene  upon  preliminary  analysis.  Despite  Id-1  expression  detected  in  three  lines  of 
transgenic  mice,  no  tumors  were  found  in  any  of  the  transgenic  mice  after  observation  for 
up  to  12  months.  These  transgenic  mice  have  also  been  crossed  with  transgenic  mice 
expressing  the  Her2/neu  oncogene  under  the  control  of  MMTV  LTR.  The  resulting 
double  transgenic  mice  did  not  develop  any  tumor.  Therefore,  we  are  tempted  to 
conclude  that  Id-1  expression  in  our  transgenic  mice  is  not  sufficient  to  cause  breast 
cancer. 
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B.  Detection  of  Id-1  overexpression  in  human  breast  cancer  samples. 

As  a  project  planned  to  be  carried  out  in  Year  2,  we  proposed  to  examine  human 
breast  cancer  samples  for  Id-1  overexpression  by  using  the  in  situ  RNA  hybridization 
technique.  The  major  challenge  in  this  experiment  is  that  in  situ  hybridization  has  to  be 
carried  out  using  archived  and  formalin  fixed  tissue  imbedded  in  paraffin.  We  initially 
used  dioxigenin-labeled  antisense  RNA  probes  for  hybridization  followed  by 
chromogenic  detection  with  anti-dioxigenin  antibodies  directly  conjugated  with  alkaline 
phosphotase,  or  in  combination  with  secondary  antibodies  conjugated  with  alkaline 
phosphotase.  After  many  attempts,  we  found  that  the  non-specific  background  as  judged 
by  the  signals  generated  by  using  the  sense  probes  on  these  archived  and  formalin  fixed 
tissues  is  too  high  for  the  results  to  be  reliable.  We  thus  switched  to  35S-labeled  RNA 
probes  and  the  background  was  significantly  reduced.  We  have  used  antisense  (3-actin 
probes  as  positive  controls.  A  total  of  26  breast  carcinomas  were  analyzed  for  Id-1 
overexpression.  Eight  samples  are  excluded  due  to  poor  RNA  preservation  demonstrated 
by  very  week  signal  of  P-actin.  Nine  out  of  18  breast  carcinoma  samples  showed 
overexpression  of  Id-1.  Representative  samples  with  and  without  Id-1  overexpression  are 
showed  in  Figure  6. 

Table  1  summarizes  the  results  of  Id-1  expression  along  with  clinical  data.  Id-1 
overexpression  is  detected  in  50%  of  human  breast  carcinoma  samples,  either  ductal  or 
lobular  carcinoma.  Id-1  overexpression  is  more  frequently  associated  with  younger 
patients  (mean  age  =  49)  compared  to  the  mean  age  of  patients  with  Id-1  negative 
carcinoma  (mean  age  =  60).  However,  due  to  limited  number  of  samples,  the  observed 
difference  in  mean  age  is  not  statistically  significant. 

Previous  studies  on  human  breast  cancer  cell  line  have  suggested  that  Id-1 
expression  may  suppress  mammary  epithelial  cell  differentiation  and  promote  invasion 
(Desprez  et  al.,  1995,  Desprez  et  al.,  1998).  We  have  therefore  evaluated  the  relationship 
between  Id-1  overexpression  and  pathological  grade  of  breast  carcinoma  or  the  rate  of 
lymph  node  metastasis.  Our  results  showed  that  carcinomas  with  or  without  Id-1 
overexpression  have  very  similar  pathological  grade  (7.44  vs.  7.43)  and  lymph  nodes 
metastasis  rate  (83%  vs.  86%). 

In  N1H  3T3  fibroblasts,  overexpression  of  E47  or  incubation  with  Id  antisense 
oligonucleotides  arrests  cell  cycle  at  the  G1  to  S  phase  transition  (Peverali,  et  al.,  1994; 
Hara  et  al.,  1994;  Hara  et  al.,  1994).  We  thus  attempted  to  determine  whether  Id-1 
overexpression  was  associated  breast  carcinoma  proliferation.  We  examined  the 
relationship  between  Id-1  overexpression  and  mitotic  activity  of  human  breast  carcinoma, 
and  found  no  significant  difference  in  mitotic  figures  between  carcinomas  with  (mean  = 
9.2)  and  without  (mean  =  8)  Id-1  expression. 

Taken  together,  we  have  demonstrated  that  Id-1  is  overexpressed  in  50%  of 
human  breast  carcinoma  samples.  However,  Id-1  overexpression  is  not  associated  with 
generally  applied  clinical  prognostic  parameters  such  as  pathological  grade,  lymph  node 
metastasis,  tumor  size,  and  mitotic  activity.  It  remains  to  be  further  investigated  whether 
Id-1  overexpression  influences  the  induction  or  progression  of  human  breast  carcinoma 
or  whether  it  can  be  used  as  a  molecular  parameter  for  prognosis. 
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C.  Examination  of  E2A  protein  turnover  in  MDA-231  breast  cancer  cells. 

Results  from  our  previous  studies  have  suggested  that  the  amount  of  E2A  proteins 
may  be  regulated  at  the  level  of  degradation.  We  found  that  this  is  particular  the  case  in 
the  estrogen-independent  breast  cancer  cell  line,  MDA-MB-23 1 .  As  shown  in  Fig.  2A, 
although  E2  A  proteins  are  expressed  at  a  level  similar  to  that  in  WEHI23 1  B  cells,  they 
predominantly  exist  as  a  degraded  form,  which  lacks  the  C-terminus.  In  T47D  estrogen 
dependent  breast  cancer  cell  line,  the  level  of  E2A  proteins  is  low  than  that  in  MDA-231 
cells  but  the  extent  of  degradation  is  also  less.  In  addition,  E2A  proteins  in  mouse 
primary  mammary  epithelial  cells  before  and  after  a  4-day  culture  are  also  present  as  the 
degraded  form  (Fig.  2B  and  C).  This  degraded  form  of  E2A  proteins  is  largely 
cytoplasmic  as  determined  either  by  cell  fractionation  (Fig.  2B)  or  by 
immunohistochemistry  (Fig.  3).  As  a  result,  no  DNA  binding  complexes  were  detectable 
in  mammary  epithelial  or  breast  cancer  cells  (Fig.  4). 

To  determine  if  the  degradation  of  E2A  proteins  is  mediated  through 
proteasomes,  specific  inhibitors,  MG- 132  and  lactacystin,  were  added  to  MDA-231  and 
T47D  cultures  for  2  or  4  hours.  As  shown  in  Fig.  5,  MG- 132  significantly  blocked  the 
accumulation  of  degraded  E2A  while  lactacystin  had  some  effect  in  the  first  two-hours. 
Perhaps,  lactacystin  is  a  labile  inhibitor  and  may  become  ineffective  over  a  longer  period 
of  incubation.  In  contrast,  neither  a  non-specific  protease  inhibitor  (leupeptin)  nor  the 
vehicle  control  (DMSO)  had  any  effect  on  E2A  degradation. 

In  summary,  these  results  suggest  that  in  mammary  epithelial  cells,  E2A  proteins, 
though  expressed  at  a  high  level,  are  inactivated  through  mechanisms  such  as 
proteasome-mediated  degradation.  The  biological  significance  of  this  novel  regulatory 
mode  of  E2  A  function  remains  to  be  understood.  It  is  also  not  clear  whether  E2  A  is 
constitutively  inactivated  or  it  functions  to  suppress  excessive  cell  proliferation  in  a 
temporal  manner  when  the  need  arises.  If  the  latter  is  true,  loss  of  E2A  function  under 
certain  circumstances  could  potentially  lead  to  breast  cancer. 

(7)  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Id-1  transgenic  mice  generated  but  no  tumor  formation  was  found  in  these  mice. 

•  Id-1  overexpression  detected  in  50%  of  human  breast  cancer  samples. 

•  E2A  proteins  found  to  be  rapidly  degraded  through  a  proteasome-mediated  pathway 
in  primary  mammary  epithelial  cells  and  breast  cancer  cell  line,  MDA-MB-23 1 . 

(8)  REPORTABLE  OUTCOMES 

-  Manuscripts,  abstracts  presentations:  Abstract  for  a  poster  at  DoD  Breast 

Cancer  Program  “Era  of  Hope”  meeting,  Atlanta,  GA  2000. 

-  patents  and  license  applied  for  and/or  issued:  None. 

-  degrees  obtained  that  are  supported  by  this  award:  None. 

-  development  of  cell  lines,  tissue  or  serum  repositories: 

Id-1  transgenic  mouse  lines,  pYY-Idl-30  and pYY-Idl-59. 

-  informatics  such  as  databases  and  animal  models,  etc. 

-  funding  applied  for  based  on  work  supported  by  this  award:  None 
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-  employment  or  research  opportunities  applied  for  and/or  received 
on  experiences/training  supported  by  this  award:  None. 

(9)  CONCLUSIONS 

Studies  in  Year  2  of  the  proposal  have  discovery  Id-1  overexpression  in  a  large 
fraction  of  human  breast  cancer.  A  novel  mechanisms  of  E2A  protein  degradation  have 
also  be  found  in  mammary  epithelial  cells.  Both  of  these  findings  may  suggest  means  to 
inactivate  the  E2A  transcription  factor  and  tumor  suppressor,  which  could  affect  breast 
cancer  development. 
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Figure  1A  Breast  Carcinoma  which  overexpress  Id- 1 


H&E  section  human  breast  carcinoma.  (lOx) 


Figure  IB.  Breast  Carcinoma  which  does  not  overexpress  Id-1 


In  situ  hybridization  with  Id- 1  antisense  probe  si*11  hybridization  with  Id- 1  sense  probe 


mouse  mammary  epithelial  cells  and  MDA-231  cells.  Western  blot  was  carried  out  with  antibodies  against  the  N- 
terminus  of  E2A  proteins.  (C)  Nuclear  extracts  were  prepared  from  normal  mouse  kidney,  spleen,  mucosa  and 
purified  mammary  epithelial  cells  cultured  for  4  days.  Western  blot  was  carried  out  with  antibodies  against  the  N- 
terminus  of  E2A  proteins. 
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Figure  4.  Electrophoretic  mobility  shift  assay. 

Nuclear  extracts  isolated  from  the  indicated  cell  lines  were  used  in  a  binding 
reaction  with  32P-labeled  E-box-containing  probe.  Antibodies  against  E47  was  added 
to  the  reaction  in  Lane  2.  The  arrow  indicates  the  E47  homodimer  binding  complex. 


Figure  5.  Proteasome-mediated  degradation  of  E2A  proteins. 

MDA-MB231  and  T47D  cells  were  incubated  in  the  presence  of  2.5  pM  of  proteasome  specific  inhibitor,  MG-132  or  lactacystin, 
protease  inhibitor,  leupeptin,  and  DMSO  for  2  and  4  hours.  Western  blot  analysis  was  carried  out  with  anybodies  against  the  N-terminus  of 
E2A  proteins.  Full-length  and  degraded  forms  of  the  proteins  are  as  labeled. 


Table  1.  Id-1  expression  and  clinical  data  of  human  breast  carcinomas 
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D  =  ductal;  1  =  locular;  LN  =  lymph  node  metastasis;  size  is  in  cm. 
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